Despite the many studies concerned with the phenomenon of induced "tolerance or resistance" to normally lethal stress (such as endotoxemia or trauma), it has not been clearly established whether the adaptive process is associated with alterations in energy metabolism. Those parameters of metabolism which have been explored appear to be unchanged in tolerant animals (1-4). Differences between normal and adapted animals become apparent only following exposure to challenge. Endotoxin-and drum-tolerant animals do not develop either the marked changes in carbohydrate and lipid metabolism or the impairment of oxidative phosphorylations, exhibited by normal animals when challenged. Most investigators have assumed that altered release of mediating hormones such as cortisone (5) and epinephrine (6) or readjustment of circulatory dynamics (4) were sufficient to explain the observed differences. Not enough attention has been given to the possibility that these differences in metabolic response involve generalized adaptive mechanisms within parenchymal tissues.
presence of a redox dye such as phenazine methosulfate (P.M.) 1 or methylene blue.
Experiments were designed to determine whether the development of tolerance through repeated sublethal exposure to stress was associated not so much with the ordinary oxidative activity of cells but with changes in the "oxidative potential" of tissues.
The diaphragm of the rat was selected for investigation for several r e a s o n s , -skeletal muscle is one of the tissues which displays metabolic changes during the shock syndrome (8, 9) and the intact diaphragm can be easily prepared for in vitro study. Oxidative activity was determined by the reduction of tetrazolium salt in the presence and absence of the redox dye phenazine methosulfate.
The studies demonstrate that highly significant changes in the "oxidative potential" of diaphragm occur in animals exposed to repeated sublethal doses of endotoxin or trauma. The suggestion is advanced that the metabolic alterations induced in the tolerant animals may represent an adaptive response to repeated stimulation by an endogenous hormone such as epinephrine.
Materials and Methods
Adult male rats (150 to 220 gin, Charles River) were as routine deprived of food but allowed free access to water for 24 hours prior to sacrifice. Diaphragms were carefully dissected from the body wall and transferred to iced saline. The tissues were then divided along their central tendons to yield hemidiaphragms. Incubations were conducted at 37°C for 1 hour under a nitrogen atmosphere in a metabolic shaker.
Incubating solutions contained a total of 13 ml which included 4 ml 2-p-iodophenyl-3-pnitrophenyl-5-phenyl tetrazolium chloride (INT, 2 0.5 per cent); 4 ml NaC1 (1.8 per cent); 0.4 ml KC1 (1.15 per cent); 0.1 ml KH2PO4 (2.11 per cent); 0.3 ml CaC12 (1.22 per cent); 0.1 ml MgSO4/7H~O (3.82 per cent); 0.3 ml NaHCO3 (1.3 per cent); 0.3 ml phosphate buffer (0.1 M, pH 7.4); 3.0 ml NaC1 (0.9 per cent). When incubations were conducted in the presence of substrate, 3 X 10 -4 moles of a particular substrate was added either alone or mixed with 0.9 per cent saline to yield 3.0 ml of an isosmotic solution. This 3.0 ml quantity was then substituted for the 3 ml NaC1 (0.9 per cent) in the solution described above. When P.M. was present in the incubating medium, 0.5 ml of a P.M. solution (2 mg per ml saline) was added. Otherwise 0.5 ml of NaC1 (0.9 per cent) was added in the place of P.M. to yield a total of 13. ml incubating volume.
Following incubation, hemidiaphragms were fixed in 10 per cent formaldehyde. Oxidative activity was determined quantitatively according to the method of Cascarano and Zweifach (7) . One-half of the hemidiaphragm was cross-sectioned at 50 micra. The depth of formazan deposition and total diaphragm thickness was measured in mounted cross-sections with an ocular micrometer. The other half of the hemidiaphragm was trimmed, weighed, and homogenized in 5 ml of ethyl acetate. The amount of formazan extracted was measured colorimetrically in the Beckman DU spectrophotometer at 490 m/z. Oxidative activity was established by dividing the amount of extracted formazan by the weight of the fractional proportion of the diaphragm tissue showing forrnazan deposition.
1 P.M., phenazine methosulfate.
The endotoxin employed throughout was Salmondla enteritidis lipopolysaccharide (LPS, Difco). The regimens for inducing endotoxin tolerance are listed in Table I . Animals were rendered drum-tolerant by alternate day exposure to graded bouts of tumbling in the NobleCollip drum according to the method of Noble (10) ( Table I ). Development of tolerance to both endotoxin and trauma was substantiated by the steady weight gain exhibited by these animals despite repeated exposure to stress (11) . The term "oxidative performance" is used 9  10  11  12  13  14  15  16  17  18  19  20  21 Endotoxln tolerance/~g Endotoxin* Series I   25  50  75  100  0  0  100  150  150  150  150  0  0  Sacrificed   Series II   25  50  100  250  250  500  500  0  100  100  0  0  Sacrificed   Series III   25  S0  100  200  200  0  0  500  1000  1000  1000  1000  0  1000  1000  1000  1000 to signify the oxidative activity obtained without the addition of the redox dye (P.M.) and "oxidative potential" represents activity in the presence of P.M.
RESULTS

Oxidative Activity in Tolerant Animals
A. Endotoxin Tolerance.--Three different regimens involving varying amounts of bacterial endotoxin were used (Table I) . Oxidative activity of the diaphragms removed from these animals is listed in Table II . The "oxidative performance" (activity in the absence of P.M.) remained unchanged in the experimental animals. However, the "oxidative potential" (P.M. in medium) of all three tolerant series was significantly greater than that of the controls. Interestingly, the animals which had received the greatest amount of endotoxin for the longest interval exhibited the highest "potential" (53 per cent above the control mean in series III).
B. Resistance to Trauma.--It was important to ascertain whether other forms of adaptation were associated with a similar stimulation of "oxidative [] Oxidative potential, activity measured with phenazine methosulfate in the incubating media.
¶ Values in parentheses represent the number of animals used in the experiment. ** NS, these mean values are not significantly different from controls at the top of each column either with or without P.M.
potential." Comparable studies were, therefore, conducted on a group of animals made resistant to trauma in the Noble-Collip drum (10) . Table I I lists the results for diaphragms incubated in I N T solutions with and without P.M. "Oxidative performance" in the drum-tolerant animals is identical with that of the controls. However, "oxidative potential" was significantly elevated.
Factors Affecting Metabolic Activity in Tolerant Animals
A. Effect of Endotoxemia.--Although the administration of bacterial endotoxin produces distinctive changes in both the circulatory dynamics (12) and the metabolism of normal animals (13), tolerant animals are refractory to such challenge (1, 14) . Normal as well as endotoxin-tolerant animals (series III) were injected intraperitoneally with 4 mg (in 1.0 ml of saline) of S. enteritidis LPS 4 hours prior to sacrifice. No significant changes in either "oxidative performance or potential" were observed when normal animals were given endotoxin. On the other hand, the challenged tolerant group exhibited a significant depression of activity measured as "oxidative performance" when compared with the untreated tolerant animals (Table HI) .
B. Effect of Hormone Administration.--The possibility was examined that altered levels of circulating hormones may be responsible for the metabolic changes observed in tolerant animals. Epinephrine (15) It is therefore conceivable that the adaptation in oxidative activity reported above could be mediated by the stimulation and repeated endogenous release of hormone (epinephrine, adrenal corticoids) during the tolerance-inducing regimen. Two regimens of hormone administration were examined. Separate groups of animals were injected with a single large dose of either epinephrine or cortisone and then sacrificed. Two other groups were subjected to small daily exposures of either of these two agents. As seen in Table IV , a single injection of cortisone (cortisone-acetate, 50 mg intramuscularly, 8~ hours prior to sacrifice), which has been reported to protect against the lethal effects of endotoxin (5), produced significant elevation of only "oxidative performance" (absence of P.M.).
Epinephrine (adrenaline 1:1000, Parke, Davis and Co., 10/~g intravenously 1 hour prior to sacrifice) produced a significant decrease of both the "oxidative performance and potential."
T h e animals which received cortisone chronically (5 m g once a day intramuscularly for 5 consecutive days) showed no significant changes from controls. , however, resulted in significant stimulation of " o x i d a t i v e p o t e n t i a l " although there was no effect on " o x i d a t i v e p e r f o r m a n c e . " A d m i n i s t r a t i o n of similar a m o u n t s of the vehicle, pure p e a n u t oil (Planter's), was w i t h o u t effect. I n this respect the changes induced b y repeated exposure to epinephrine were identical with those obtained for both endotoxin and trauma-tolerant animals.
C. Effect of Fasting.--It is obvious that these measurements of respiratory activity are dependent on stores of endogenous metabolites. Changes in "oxidative potential" m a y reflect altered levels of available oxidizable stores. On this basis, fasted animals should show a preferential reduction in "oxidative potential." A group of normal, as well as endotoxin-tolerant animals (series I I I ) were deprived of food for 96 hours prior to sacrifice. Table V shows that, as expected, normal animals deprived of food exhibited a significant depression of only "oxidative potential." "Oxidative potential," therefore, appears to be dependent upon the metabolic pool. I n the tolerant animals both the "oxidative performance and potential" were decreased following fasting. As previously noted, endotoxin-tolerant animals, when challenged, demonstrated a similar reduction in "oxidative performance." I t should be noted that although reduced, the "oxidative potential" of the fasted tolerant animal was, however, still significantly higher than that of the normal, fasted counterparts.
From the above experiments it was anticipated that fasting would depress resistance in tolerant animals and predispose controls to stress. To confirm this hypothesis, normal and drum-tolerant rats were subjected to fasting for 96 hours prior to challenge in the Noble-Collip drum. Survival was compared to that of fed counterparts similarly challenged. Fasted tolerant rats after trauma were obviously ill in comparison to the alertness and normal appearance of drum-tolerant rats which had not been deprived of food. Nonetheless, as seen in Table VI , they were still not as susceptible to the lethal effects of trauma as were the normal fasted animals.
In Vitro Effects of Exogenous Metabolites
The preceding experiments indicate that the significant deviations in oxidative activity which are uncovered by the presence of P.M. may be related to altered levels of oxidizable metabolites. Further support for this hypothesis was sought by exposing normal rat diaphragms to a variety of oxidizable substrates. In Table VII it can be seen that in the presence of substrates known to be associated with diphosphopyridine nucleotide (DPN)-dependent dehydrogenases, the metabolic activity of the diaphragm was increased only after P.M. had been added to the incubating medium. Although isocitrate and succinate (substrates utilized by non-DPN-dependent dehydrogenase) stimulated oxidation in both the presence and absence of P.M., the increase in activity in the presence of P.M. was about ten orders of magnitude greater in the case of succinate and three times greater in the case of isocitrate.
DISCUSSION
The ability of animals to adapt to challenge, until a state of tolerance or resistance is established against normally lethal agencies, is obviously the result of changes at many different levels of homeostasis. Among the explanations which have been advanced to explain the adaptive process are the maintenance of circulatory integrity (4, 14, 17, 18) , stimulation of the reticuloendothelial system (RES) (19) (20) (21) , and the establishment of a new level of hormonal balance (22, 23) . Schayer (24) has proposed that a specific adaptive reaction, namely the marked stimulation of the enzyme histidine decarboxylase, is responsible for the resistance of animals to different forms of stress by virtue of its counterbalancing effect against the deleterious action of the catechol amines.
The current studies indicate an important difference on a fundamental metabolic level between normal and tolerant rats. The fact that "oxidative potential" was enhanced in a similar way in both endotoxin-and trauma-tolerant animals suggests that a metabolic adjustment of this kind may be common to the adaptive response of many forms of stress.
Unlike other indices of the tolerant state, changes in "oxidative potential" can be detected without challenging the animal. Differences in the metabolic response between normal and tolerant animals have in the past been demonstrated chiefly by exposing the animal to a stressful episode (1-4) . The significance of such tests is open to question since they may merely reflect changes secondary to the circulatory insufficiency during shock. This possibility is in line with the findings of Manning and Hampton (4) who believe that traumatolerant animals are better able to maintain vascular integrity when subjected to normally lethal challenge. Other workers (25) have found a difference in glycogen metabolism between unchallenged normal and trauma-tolerant animals.
The major difference in the two groups of tolerant animals studied in the present experiments is the presence of an increased metabolic response when the redox dye, phenazine methosulfate (P.M.) is added to the incubating medium. What is the significance of this measurement? When redox dye is added to the medium in which tissue slices are incubated, a considerable increase occurs in the ability of the cell to oxidize endogenous metabolites. This socalled "oxidative potential" would seem to constitute a reserve system which becomes available to the cell only under particular circumstances. Apparently, in the presence of a redox dye, a rate-limiting mechanism controlling electron transport is circumvented, enabling the cell to oxidize either all or a greater portion of the available pool of endogenous metabolites. The terms "oxidative performance" and "oxidative potential" represent two types of metabolic activity which may have different physiological implications.
An increased "oxidative potential" was also observed when animals were pretreated for several days with epinephrine. This finding is of interest since a number of studies have implicated hormones such as epinephrine (6, 15, 24, 26) and adrenocorticosteroids (5, 27) as mediators in the reaction to endotoxemia, as well as in the development of resistance to tolerance. It has been postulated (6, 28) that the secondary release of epinephrine may be responsible for some of the metabolic transformations encountered in endotoxemia.
Egdahl (26) has reported a tenfold increase in endogenous epinephrine in the blood stream following the injection of endotoxin. It is therefore possible that epinephrine release through a repeated effect on oxidative metabolism could represent the mechanism responsible for the adaptive changes in both oxidative "performance" and "potential" in tolerant animals.
Among the biological substances released during stress are the corticosteroids (29) . The "oxidative performance" of diaphragms of rats which had been given a large single dose of cortisone was significantly enhanced. The protection afforded by cortisone may therefore be the result of a greater mobilization of the available pool of endogenous metabolites.
The diaphragm showed an increased ability to reduce tetrazolium salt in the presence of P.M. when the level of available substrate was exogenously elevated. The substrate studies suggest that the enhanced activity referred to as "oxidative potential" may involve heightened levels of particular tissue metabolites. Further support for this possibility is provided by the experiments on fasted animals. Short periods of fasting produced a clearly evident depletion of metabolite stores without affecting the conventionally measured "oxidative performance." Fasting was the only condition which depressed the metabolic adaptation in "oxidative potential" in tolerant animals. As has been previously demonstrated (30, 31) , fasting serves to predispose normal animals to stress. In the current studies the resistance afforded by the tolerance regimen was significantly blunted by fasting. It is noteworthy that the fasted tolerant animals were much less predisposed to trauma than were the fasted non-tolerant counterparts.
Our data indicate that a considerable number of dehydrogenase systems are limited in their capacity to transfer electrons to tetrazolium salt and probably to oxygen. Conceivably, the increase in the pool of metabolites, which has been postulated for tolerant animals, will include substrates normally associated with such rate-limited dehydrogenase systems. Several reports in the literature have demonstrated that in the Ascaris worm (32) and the mammalian liver (33) oxidation-reduction systems exist which conduct coupled phosphorylation under anaerobic conditions. The existence of such systems lends physiological significance to the stimulated "oxidative potential" which develops in tolerant animals. Tissues from animals subjected to severe trauma (34) as well as endotoxemia (35) exhibit uncoupling of oxidative phosphorylation. In this light, a build-up in metabolites, which need not transfer their electrons to oxygen in order to generate high energy phosphates, could enable animals to survive limited periods of hypoxia.
Some explanation is required for the depression of "oxidative performance" in tolerant animals after challenge despite the fact that the tissues exhibit considerably higher levels of "oxidative potential" when compared to normal animals. Two explanations are possible. The development of tolerance may be associated with a conservation mechanism which further inhibits the already rate-limited transport of electrons. An additional possibility would be that challenge of tolerant animals may involve the activation of a competitive nonoxygen requiring oxidation-reduction system which utilizes electrons transferred by the flavoproteins (DPNH or TPNH dehydrogenases) in the electron transport chain. Meaurements of "oxidative potential" would remain unaffected since addition of P.M. completely circumvents the DPNH and TPNH dehydrogenases.
The precise relation of the metabolic changes reported above to the phenomenon of tolerance remains to be demonstrated. However, there is no doubt that some form of metabolic adaptation exists in parenchymal tissue, irrespective of whether it is primary or secondary to the repeated exposure to sublethal stress. The data strongly suggest that a final common pathway in the development of such adaptation could conceivably be the secondary release of epinephrine. It is interesting in this regard to note that epinephrine has been reported by Schayer (24) to be effective in inducing a marked increase in histidine decarboxylase activity. Circulating epinephrine, either through a direct effect or indirectly through vasoconstriction and the resulting ischemia, might be responsible for the enzymatic adaptation induced in the current studies.
The fact that epinephrine-tolerant animals are not unduly resistant to the lethal effects of endotoxin, despite the occurrence of a similar metabolic change in endotoxin tolerance, emphasizes the multiple character of the adaptive response to different forms of stress.
SUMMARY
Oxidative metabolism of diaphragms from endotoxin-and trauma-tolerant rats was investigated, utilizing the reduction of tetrazolium salt. It was found that diaphragms from normal and stress-tolerant animals did not differ in "oxidative performance" (activity in the absence of the redox dye phenazine methosulfate). However, diaphragms from tolerant animals exhibited a highly significant enhancement in "oxidative potential" (activity in the presence of phenazine methosulfate). This change was apparently not precipitated by adjustments in circulatory dynamics, nor was it related to reticuloendothelial stimulation. The suggestion is made that the effects observed may develop through the secondary release of endogenous epinephrine.
Evidence is presented suggesting that the enhancement of "oxidative potential" exhibited by the parenchymal tissues of tolerant animals represents an adaptation in metabolism whereby pools of potentially oxidizable foodstuffs are stockpiled.
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